Fabricating earth-abundant bifunctional water splitting electrocatalysts with high efficiencies to substitute Pt and IrO 2 is in great demand for the development of clean energy conversion technologies. Via a simple one-step hydrothermal procedure, MoS 2 /Ni 3 S 2 nanorod arrays well-aligned on Ni foam (MoS 2 /Ni 3 S 2 /NF) as a novel three dimensional (3D) hierarchical bifunctional catalytic electrode for overall water splitting has been successfully fabricated in this work. Ni foam (NF) as both 3D substrate and Ni source realized the uniform, dense and nearly vertical in situ self-growth of MoS 2 /Ni 3 S 2 nanorods on it. Each nanorod had a coated structure with large surface contact regions. Benefiting from the elaborately designed architecture, MoS 2 /Ni 3 S 2 /NF exhibited excellent catalytic activity and good stability for both the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in an alkaline electrolyte. To reach the catalytic current density of 10, 100, 200, and 300 mA cm
Introduction
Facing the serious environmental pollution and the conict between the increasing global energy demand and the consumption of limited fossil fuels, clean and sustainable energy and energy conversion technologies have attracted much attention in recent years. [1] [2] [3] Electrochemically splitting water into high purity hydrogen is a clean and effective technique to convert electrical energy into chemical energy which can be stored for later use. 4, 5 Accelerating the two half electrochemical reactions, the hydrogen evolution reaction (HER) at the cathode and oxygen evolution reaction (OER) at the anode, which comprise the water splitting process, are crucial for the overall efficiency of water splitting. [6] [7] [8] Therefore it is necessary to fabricate excellent electrocatalysts for HER and OER. Heretofore, the most efficient HER catalysts are Pt-based materials, 9, 10 and the most efficient OER electrocatalysts are RuO 2 and IrO 2 based catalysts. 11, 12 Accordingly, there are two challenges for the development of HER and OER electrocatalysts. Firstly, the scarce crustal abundance and the high cost of noble metalbased materials severely limit their large-scale utilization. Secondly, the outstanding OER catalysts usually employed in alkaline conditions have poor HER activity while the superior HER catalysts oen used in acid conditions have only moderate activity in OER. 13, 14 Improper pH condition leads to reduced efficiency of the catalysts. Therefore, different catalysts work in separated electrolytes in traditional electrolyzers for overall water splitting. As a consequence, fabricating bifunctional electrocatalysts for both HER and OER which can be applied in the same electrolyte, could simplify the water splitting system and reduce costs. In summary, the syntheses and investigations of low cost earth-abundant bifunctional electrocatalysts with high efficiency and durability are benecial to the development of water splitting technology.
To realize this goal, kinds of earth-abundant bifunctional electrocatalysts have been fabricated, such as transition metals, 15, 16 transition metal oxides, [17] [18] [19] transition metal phosphides, [20] [21] [22] [23] [24] [25] transition metal nitrides, 26 transition metal dichalcogenides (TMDs), [27] [28] [29] etc. However, more strategies are still being tried for the improvement of the electrocatalytic performance. One strategy is to hybridize different catalysts together into a hierarchical nanostructure to construct the coupling interface regions thus increase the synergistic electrocatalytic activity, 30, 31 such as TiN@Ni 3 N, 32 MnO x /Ni 3 S 2 /NF, 33 CuO/ Co 3 O 4 .
34 Secondly, since the catalytic performances of electrocatalysts are highly dependent on their morphologies and structures, designing and fabricating the well-arranged nanoarray structures with large surface area, abundant active sites and efficient electron transport is another important strategy. For example, NiCo 2 S 4 nanowire arrays, 35 CoP nanorod arrays 22 and Ni 3 S 2 nanosheet arrays 27 which were all supported on Ni foam (NF) have achieved excellent bifunctional electrocatalytic performances. Thirdly, introducing three dimensional (3D) substrates endowed the self-supported structure of the catalytic electrode which is advantageous for the convenient operation and application in technological devises. 3D skeletons such as NF, 36,37 copper foam, 38 or carbon cloth 39 have been employed as substrates of various catalysts. Considering these three strategies together, we have been motivated to fabricate a 3D hybrid bifunctional catalytic electrode with a well-arranged nanoarray structure.
The earth abundant and rich valence state material, Ni 3 S 2 has attracted tremendous interests of researchers due to its high conductivity and specic conguration.
40 Therefore Ni 3 S 2 has been widely investigated in various electrochemical applications, including supercapacitors, 41, 42 Li-ion batteries 43, 44 and non-enzymatic glucose detection, 42, 45 etc. Moreover, Ni 3 S 2 has been found to be electrocatalytic active for HER [45] [46] [47] and OER 48, 49 in recent years, and shown to be the promising bifunctional catalyst for overall water splitting. 27, 50 However, for superior electrocatalytic performance of Ni 3 S 2 , smart coupling engineering of different materials (such as nitrogen-doped graphene, 51 CdS 52 ) with Ni 3 S 2 has been proved to be an effective strategy very recently. As an excellent HER electrocatalyst, MoS 2 could be employed as a component of the hybrid bifunctional catalyst for improved HER catalytic activity [53] [54] [55] [56] However, integrating MoS 2 with Ni 3 S 2 into hierarchical bifunctional electrocatalysts for direct water splitting has been reported by very few articles. Therefore, novel MoS 2 -based 3D nanoarray hybrid catalytic electrode should be fabricated to achieve the improved bifunctional catalytic performance for overall water splitting.
In this work, MoS 2 /Ni 3 S 2 nanorod arrays well-aligned on NF (MoS 2 /Ni 3 S 2 /NF) as an efficient 3D hierarchical bifunctional catalytic electrode for overall water splitting has been successfully fabricated for the rst time via a simple one-step hydrothermal procedure. NF as the 3D substrate realized the uniform, dense and nearly vertical in situ self-growth of MoS 2 /Ni 3 S 2 nanorods on it, and formed a self-supported catalytic electrode. And each MoS 2 /Ni 3 S 2 nanorod consisted of Ni 3 S 2 nanorod wrapped in MoS 2 nanosheet. Moreover, in the hydrothermal procedure, we have changed the molar ratio of Mo precursor and S precursor, and obtained MoS 2 /Ni 3 S 2 /NF with tailored architectures. In these electrodes, the optimal MoS 2 /Ni 3 S 2 /NF has obtained excellent electrocatalytic performances for both HER and OER in alkaline electrolyte, 1.0 M KOH. During the overall water splitting process, MoS 2 /Ni 3 S 2 /NF as both cathode and anode has exhibited better electrocatalytic activity and stability than the integrated performance of Pt/C and IrO 2 . Therefore, MoS 2 /Ni 3 S 2 /NF has achieved the satised catalytic activity as a bifunctional electrocatalyst for overall water splitting.
Experimental section

Materials
Pt/C (20 wt%) was purchased from Sigma-Aldrich, and Naon solution (5 wt%) was bought from Alfa Aesar. Thiourea was obtained from Sinopharm Chemical Reagent Co., Ltd (China). Sodium molybdate and hydrochloric acid were bought from Beijing Chemical Reagent Company (China). IrO 2 and Ni powder (NP) were bought from Xiya reagent (China). NF with a thickness of 0.15 cm and 110 ppi (pore per square inch) was purchased from Suzhou Jia Shide Foam Metal Co., Ltd (China). Unless otherwise stated, reagents were of analytical grade and used as received. The water used throughout all experiments was deionized water from a Millipore system (>18 MU cm). 
Preparation of electrocatalysts
(NP).
The physical loading of Pt/C, IrO 2 and MoS 2 /Ni 3 S 2 (NP) on NF were operated as the following procedures. The electrocatalyst ink was respectively prepared by dispersing 7.6 mg electrocatalyst in 700 mL ethanol and 300 mL water containing 20 mL Naon solution and treated by sonication until a homogeneous dispersion was obtained. Then the electrocatalyst ink was uniformly coated on the working area (1 cm Â 1 cm) of NF and dried in an oven at 60 C for 10 h. In this manuscript, Pt/C, IrO 2 and MoS 2 / Ni 3 S 2 (NP) overlaid on NF are referred to simply as Pt/C, IrO 2 and MoS 2 /Ni 3 S 2 (NP) respectively.
Characterization of the electrocatalysts
Scanning electron microscope (SEM) images, their corresponding energy-dispersive X-ray (EDX) spectra and EDX elemental mapping images were obtained on a Quanta 200 FEI scanning electron microscope. Transmission electron microscopy (TEM) images, high-resolution transmission electron microscopy (HRTEM) images and EDX elemental mapping images were carried out on an FEI TECNAI G2 F20 STWIN transmission electron microscopy operating at 200 kV. The X-ray diffraction (XRD) measurements were recorded in the range of 10-90 (2q) on a D8 Focus diffractometer (Bruker) with Cu Ka radiation operated at 40 kV and 30 mA, which were applied to investigate the crystallographic structure of the asfabricated products. X-ray photoelectron spectroscopy (XPS) analyses were carried out on a Thermo Scientic ESCALAB 250Xi X-ray photoelectron spectrometer with Al Ka X-ray radiation as the X-ray source for excitation.
Electrochemical tests
All the electrochemical tests were conducted in the electrolyte of in the potential ranging from À0.303 to 0.097 V and 1.057 to 1.457 V respectively. The amperometric i-t curves were obtained at the static overpotentials which could obtain the current density of 10 mA cm À2 . All the above data were iR corrected via the resistance test. Electrochemical impedance spectroscopy (EIS) measurements were carried out with frequencies ranging from 100 kHz to 0.01 Hz. The measurements above-mentioned were all conducted aer bubbling nitrogen for 10 min at room temperature and without activation progress by a CHI 660e electrochemical analyzer (CH Instruments, Inc., Shanghai). Hg/HgO electrode as the reference electrode in all the threeelectrode system was calibrated according to the method previously reported. 57 With platinum rotating disk electrode (0.126 cm 2 ) as working electrode, platinum rod as counter electrode and Hg/HgO electrode as reference electrode in 1.0 M KOH solution saturated high purity hydrogen, CV was cycled from À1.0 to À0.8 V with scan rate of 1 mV s À1 . The cross-over point at which the hydrogen evolution current changes into the hydrogen oxidation currents was taken as the thermodynamic (zero) potential for the hydrogen electrode reactions. As shown in Fig. S1 , † the zero current point lies at À0. (Fig. S5 †) . Moreover, the molar content of MoS 2 in MoS 2 /Ni 3 S 2 nanorods was determined to be about 18.2% through the quantitative values measured by EDX as shown in Table S1 . † As the elemental mapping images shown in Fig. 1f (Fig. 2b) . The crystallographic structure of MoS 2 /Ni 3 S 2 /NF was further investigated by its XRD pattern shown in Fig. 3a Besides the S 2s peak in Mo 3d spectrum, the peak at 235.4 eV corresponds to Mo 6+ which oen coexists with MoS 2 as reported. 63, 64 The Ni 2p spectrum (Fig. 3c) was deconvoluted into two spin-orbit doublets and two shake-up satellites (identied as "Sat."). orbit characteristics of Ni 3+ . 35 Moreover, in the S spectrum (Fig. 3d) , the peaks at 161.8 eV and 163.0 eV respectively corresponding to S 2p 3/2 and S 2p 1/2 demonstrate the dominate state of S 2À .
Hydrogen evolution and oxygen evolution activity
In this investigation, we varied the feeding amount of sodium molybdate to control different ratios of MoS 2 in catalytic electrodes and tested their corresponding HER and OER performances. As shown in First, the HER electrocatalytic activity of MoS 2 /Ni 3 S 2 /NF was studied by LSV measurements in alkaline solution, 1.0 M KOH (Fig. 4) . Herein, commercial Pt/C with negligible onset overpotential was tested as references. The onset overpotential of MoS 2 /Ni 3 S 2 /NF was demonstrated to be $50 mV (Fig. 4b) Table S2 † for more details). Moreover, the Tafel plots in Fig. 4c contrast, the large j 0 of MoS 2 /Ni 3 S 2 /NF implies the more favorable HER kinetics on it and higher HER catalytic activity. The electrode kinetics of HER catalyzed by the MoS 2 /Ni 3 S 2 / NF was investigated by the electrochemical impedance spectroscopy (EIS) as shown in Fig. 4d . In the electrochemical impedance spectrum, the charge transfer resistance (R ct ) of MoS 2 /Ni 3 S 2 /NF (2.05 U), which is much smaller than those of Ni 3 S 2 /NF (7.05 U) and MoS 2 /Ni 3 S 2 (NP) (9.56 U), indicates higher electron transfer efficiency thus higher hydrogen evolution efficiency. On one hand, it should be ascribed to the direct connection between NF and MoS 2 /Ni 3 S 2 , which notably accelerate the electron transport rate between the current collector and the active sites of electrocatalysts. On the other hand, the well-arranged MoS 2 /Ni 3 S 2 nanorod arrays worked as numerous electric wires for efficient electron transfer from the current collector to the electrolyte. Moreover, the nearly vertical alignment of the catalyst best utilized the conductivity of the substrates. 56, 60, 65 Consequently, electrons could be transported efficiently and rapidly from MoS 2 /Ni 3 S 2 /NF to the electrolyte, thus more hydrogen generated on the surface of this 3D electrode.
We further inspected the durability of the MoS 2 /Ni 3 S 2 /NF catalytic electrode. First, we employed CV measurement for this investigation. As shown in Fig. 4e , aer 1000 CV cycles, MoS 2 /Ni 3 S 2 /NF electrode reveals a polarization curve similar to the initial one. The SEM image in the inset of Fig. 4e shows that MoS 2 /Ni 3 S 2 /NF maintains the original morphology aer 1000 CV cycles. The durability of this electrode in a continuous HER process was also explored at the static potential of À0.183 V for 24 h. The slight degradation of the current density shown in Fig. 4f suggests the good stability of this catalytic electrode. Subsequently, the OER electrocatalytic activity of MoS 2 / Ni 3 S 2 /NF was assessed in the same electrolyte (1.0 M KOH). As shown in Fig. 5a , the quasi-reversible oxidation (1.41 V) and reduction (1.33 V) peaks prior to OER catalytic current MoS 2 / Ni 3 S 2 /NF exhibited correspond to the redox reaction of the surface Ni species 21 and expressed the transformation between Ni II species and Ni III species as most Ni-based electrocatalysts have performed. 35, 40, 66 To avoid the interference of the strong oxidative peak in the forward scan, we employed the cathodic sweep curve (reverse scan) in the corresponding CV curve for quantitative comparison. As shown in Fig. S11, † To comprehensively investigate the OER catalytic performance of MoS 2 /Ni 3 S 2 /NF electrode, its OER stability was further explored. As shown in Fig. 5c , only slight decays in current density have been observed aer 1000 CV cycles. Additionally, as shown by the time-dependent current density curve in Fig. 5d , at the static potential of 1.437 V, slight degradation of the anodic current observed during 24 h has proved the longterm OER stability of MoS 2 /Ni 3 S 2 /NF.
Since the electron transfer efficiency discussed above (Fig. 4d) and the effective electrochemically active area are two essential factors for HER and OER catalytic activity, the effective electrochemically active area of MoS 2 /Ni 3 S 2 /NF was further estimated by employing CV measurements to measure the electrochemical double-layer capacitances (EDLCs, C dl ). As shown in Fig. 6 , potential ranging from 0.822 to 0.922 V without Faradic current was selected to obtain the CV curves at various scan rates from 20 mV s À1 to 200 mV s À1 , which meant that the current response in this region was attributed to the charging of the double layer. The halves of the positive and negative current density differences at the center of the scanning potential range are plotted versus the voltage scan rate in NF indicates the large effective electrochemical active area and abundant exposed active sites, which may be attributed to the elaborately designed architecture of MoS 2 /Ni 3 S 2 /NF. On one hand, the slender MoS 2 /Ni 3 S 2 nanorod arrays uniformly, densely and nearly vertically grown on NF exposed numerous active sites. And the hierarchical 3D structure possessed sufficient space which beneted easy diffusion of the electrolyte into all well-exposed active sites thus notably increased the effective electrochemically active area. On the other hand, the covering structure of MoS 2 ultrathin nanosheets wrapping Ni 3 S 2 nanorods constructed large surface contact regions, then created more synergistic active sites for HER and OER. respectively, lower than those of the bifunctional catalysts listed in Table S2 , † which demonstrates its excellent overall water splitting catalytic activity. In addition, during the overall water splitting process, gas bubbles vigorously generated and released from both electrodes can be clearly observed in the electrolyzer ( Fig. S12 and Video S1 †). The stability of MoS 2 /Ni 3 S 2 /NF for overall water splitting was further explored as shown in Fig. 7b . The catalytic current density slightly decreased on MoS 2 /Ni 3 S 2 /NFkMoS 2 /Ni 3 S 2 /NF at the static potential of 1.470 V within 10 000 s. As a comparison, continuous and severe degradation of the current density occurred on IrO 2 kPt/C couple at the static potential of 1.530 V for this 10 000 s electrolysis. It conrms the robust long-term stability of MoS 2 /Ni 3 S 2 /NF for overall water splitting.
Conclusion
In conclusion, we have successfully synthesized MoS 2 /Ni 3 S 2 /NF as a novel bifunctional catalytic electrode for overall water splitting by a simple one-step hydrothermal procedure. The uniform, dense and nearly vertical self-growth of MoS 2 /Ni 3 S 2 nanorod arrays on the 3D substrate NF led to the large surface area and abundant exposed active sites. Moreover, the coating structure of MoS 2 /Ni 3 S 2 has formed large surface contact regions between Ni 3 S 2 and MoS 2 , which signicantly increased the synergistic effect of the hybrid catalyst. In addition, NF as Ni source realized the in situ direct growth of MoS 2 /Ni 3 S 2 nanorods from NF and resulted in enhanced electron transfer efficiency and stability. With the tailored architecture, the optimal MoS 2 / Ni 3 S 2 /NF acquired excellent catalytic activity and good durability for both HER and OER. It only needed 187, 274, 300, 320 mV overpotential to reach the catalytic current density of 10, 100, 200, 300 mA cm À2 respectively for HER, and 217, 275, 313, 335 mV overpotential to reach the current density of 10, 100, 200, 300 mA cm À2 respectively for OER. Most importantly, during the overall water splitting process, MoS 2 /Ni 3 S 2 /NF as catalytic electrodes for both cathode and anode approached 10, 100, 200 and 300 mA cm À2 at the low cell voltages of 1.467, 1.593, 1.640 and 1.661 V, respectively, along with good stability. The overall water splitting electrocatalytic performance of MoS 2 /Ni 3 S 2 /NF not only surpassed the benchmark OER and HER catalyst couple IrO 2 kPt/C, but also achieved better performance compared with many other non-noble-based bifunctional electrocatalysts.
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